Abstract. Based on the statistical analysis of spatiotemporal distribution of earthquake 10 epicenters and perennial geodetic observation series, new evidence is obtained for the existence 11 of slow strain waves in the Earth. The results of our investigation allow us to identify the 12 dynamics of seismicity along the northern boundary of the Amurian plate as a wave process. 13
1 Introduction 52 53
The inhomogeneous blocky structure of the crust and the lithosphere considerably affects 54 the deformation, seismic, filtration and other processes. The effect of the blocky structure on the 55 distribution of earthquakes can be especially clearly traced. It is exactly the blocky structure of 56 the geological medium which results in the generation of waves of different types including 57 slow strain waves (Bykov, 2008) . Clarification of the link between movements of tectonic 58 structures and slow strain wave processes is of fundamental importance for expanding our 59 understanding of the physics of earthquakes. 60
The most important problem of recent geodynamics is to clarify the mechanisms 61 responsible for the propagation of the energy of deformation processes and tectonic stress 62 transfer at the boundaries between the blocks and the lithospheric plates, and to explore the 63 causes of migration of earthquake epicenters. The problem has been argued for more than 45 64 years since Elsasser's publication (1969) , suggesting the equation of local stress transfer in the 65 rigid elastic lithosphere underlain by the viscous asthenosphere. The possibility of using 66
Elsasser's model to describe migration of seismicity was further discussed in papers published 67 by other researchers. Bott and Dean (1973) introduced the term "stress or strain waves" and 68 obtained the expression for the velocity of the wave propagating along the lithospheric plate. 69
According to their calculation, the stress wave velocity attains to 0.1-100 km/yr. Anderson 70 (1975) generalized Elsasser's model in order to elucidate the mechanism of earthquake migration 71 in the subduction zone and estimated the stress wave velocity along the island arc about 50-170 72 km/yr. In the model developed by Ida (1974) , the solution was obtained in the shape of "slow-73 moving deformation pulses" propagating along the fault at a constant velocity. The gouge 74 viscosity and thickness variations in the fault yield the pulse velocity ranging from 10-100 km/yr 75 to 1-10 km/day. The first interval corresponds to earthquake migration velocities at a wavelength 76 of about tens of kilometers, whereas the second interval is compliant with aseismic creep at 77 about 1 km wavelength. Scholz (1977) introduced the concept of the "deformation front" to 78 describe large-scale tectonic processes triggering large earthquakes. As estimated by Scholz, the 79 velocity of the deformation front propagating through NE China, that triggered the 1975, M=7.3 80
Haicheng earthquake, attained to 110 km/yr. 81
The advances in theoretical studies of slow strain waves in the Earth initiated the search 82 for the possibilities of experimentally detecting the propagation effects of the waves of this type, 83
and, in the first place, the intense study of earthquake migration. By now, the deformographic, 84 geodetic and hydrological measurements performed worldwide have revealed the migration of 85 deformations at velocities of about 10-100 km/yr and 1-10 km/day (Kasahara, 1979 From the published results it follows that subduction, collision, active riftogenesis and 133 transform fault zones are the most probable types of tectonic structures generating strain waves. 134
These intensive sources of different tectonic nature possess a common property  they are the 135 interaction zones between crustal blocks and the lithospheric plates. 136
Migration of shear deformation in subduction zones is directed from the ocean toward the 137 coast. This general tendency was first revealed in area of the Japan island arc where migration is 138 oriented east-west, and in the opposite Pacific coastal area  in the western Cordilleras, where 139 deformations migrated from south to north (Kasahara, 1979) . Migration of the maximum of the 140 vertical crustal deformation from the subduction zone toward the continent at a velocity of 141 about 10 km/yr was also observed near the Tohoku region (northeastern Japan) and the Izu 142 Peninsula (central Japan), where the Pacific and Philippine plates subduct beneath the Eurasian 143 plate (Miura et al., 1989) . All these data reasonably lead to an assumption that subduction zones 144 are one of the possible sources of slow strain waves. 145
The seismicity pattern observed in the south of Middle Asia can also be explained by strain 146 waves excited under the oscillating regime of the Eurasian and Indian lithospheric plate collision 147 in the Pamir and Tien Shan junction zone (Nersesov et al., 1990) . The compression at the 148 Indostan and Eurasian lithospheric plate boundary in the Himalayan collision zone is the source 149 of "fast" and "slow" waves of plastic deformation that trigger earthquakes in Central and East 150
Asia (Wang and Zhang, 2005) . 151
In the Baikal rift system, four main groups of strain waves with different velocities (7-95 152 km/yr) and lengths (130-2000 km) are distinguished that cause recent activation of seismoactive 153 faults in Central Asia (Gorbunova and Sherman, 2012) . 154
Based on continuous long-term seismic and laser ranging observation data, it has been 155 established the effect of propagation of slow waves of tectonic deformations traveling along 156 transform faults at velocities of 40-50 km/yr at the lithospheric plate boundaries in Southern 157
California and the Kopet-Dag region (Nevskii et al., 1987) . Seismicity variations along the 158 Pacific and North American plate boundary in the San-Andreas transform fault zone (California) 159 are also suggested to be associated with "slowly traveling strain waves" (Press and Allen, 1995) . 160
The rotational block movements in the fault zones due to tectonic processes or earthquakes 161 are considered one of the main physical mechanisms of strain wave generation (Nikolaevskiy, To study the dynamics of seismicity in different zones, the area along the northern 180 boundary of the Amurian plate was divided into separate clusters (Fig. 1 ). When clustering, we 181 applied the criterion of earthquake grouping near active faults, and the geomorphological and 182 tectonic features of active structures, as well as the presence of meridional (submeridional) first-183 rank faults within the distinguished zones, were taken into consideration. 184
When developing space-time models of seismicity, the spatial relationship between 185 separate seismic clusters during a year was revealed and taken into account. Based on statistical 186 distributions of earthquakes, the analysis of seismicity maxima passage over east-westerly 187 arranged clusters has been performed. 188
The basic data were derived from the catalogue "Earthquakes of Russia" 189 
edu). 192
As a result of the calculation, the average period of seismicity maximum passage in days 193 from the beginning of the year has been determined for each cluster, which is assigned to the 194 average value of the cluster longitude. These values were used for the calculation of the 195 displacement rate of seismicity maxima. We calculated the velocities and wavelengths of slow 196 strain waves from the maxima of the spatial correlation of seismicity. 197
The spatiotemporal distributions of earthquake epicenters reflect synchronization of 198 seismicity maxima in the annual cycles over a certain spatial interval (migration period). The 199 statistical calculations performed for each cluster allowed the identification of six similar 200 spatiotemporal cycles of seismicity maxima migration A, B, C, D, E and F (Fig. 1) For the entire northeastern segment, the average value of the velocity modulus of the 221 seismicity maxima displacement (with a relative determination error of 7%) is equal to U A-C = 222 1000-1022 km/yr, whereas for the northwestern segment this value is U D-F ≈ (913±110) km/yr. 223
The seismicity maxima displacement rate value is U A-F ≈ (979±124) km/yr or about 1000 km/yr 224 along the entire northern boundary of the Amurian plate. 225
226
5 The slow strain wave effects inferred from GPS observations 227 228
To explore the deformation processes in the geological medium with a discrete blocky 229 structure and to perform special GPS experimental observations, we selected the South Yakutia 230 We have analyzed a set of time series obtained at two of collocated GPS sites NRGR and 237 NRG2 situated near the active fault intersection area in the central part of the Stanovoy Range 238 (Fig. 1) . The NRGR site is located in area of the Chulman depression on 15×20 km 2 size 239 microblock and is involved in different types of crustal movements and deformations in 240 consistency with the kinematics of the bordering active faults (Trofimenko and Bykov, 2014) . 241
The site NRG2 location is approximately 2 km south of the NRGR site and closer to the zone of 242 influence of the active Berkakit fault. The GPS time series obtained at stations NRGR and NRG2 243 for the horizontal and vertical components are shown in Fig. 3 . The stable long-period 244 displacement component is typical for both observation sites in the southeastern direction. For 245 the vertical and horizontal components observed in other directions, the course of the annual 246 displacements is absolutely different. At the two observation sites, the horizontal displacement 247 components in the "North-South" direction are represented by in-phase curves that can be 248 approximated by a sinusoid (Fig. 3 a) , which is in consistency with the approximation suggested 249 in Serpelloni et al. (2013) . The vertical and horizontal displacement components in the "East-250
West" direction vary in an anti-phase manner during separate periods of measurements (Fig. 3 b,  251 c), which contradicts the common dynamics of long-period components. The shapes of these 252 curves for the horizontal displacement components are appreciably different from a sinusoid 253 (Trofimenko et al., 2016b) . 254
It is necessary to emphasize that the meteorological factors in the annual cycles influence 255 the shapes of the movement trajectories of the collocated sites equally (van Dam et al., 1994) . 256 Therefore, the detected paradox cannot be explained by the meteorological causes. 257
This paradox can only be resolved in the case when the observation sites are adjacent to the 258 boundaries of specific  "hinge"  type local faults (Fig. 4 a) . Really, for the site NRGR, a local 259 feathering fault of the Sunnangyn-Larba northeast-trending fault system is the "hinge", whereas 260 for the site NRG2, the" hinge" is one of the branches of the Berkakit northwest-trending fault 261 (Fig. 1) . The physical model of this fault-blocky structure can be represented as a set of rods -262 physical pendulums (Fig. 4b) , whose lower parts are fixed, while the upper parts are disturbed 263 from the equilibrium condition. In this case, the upper parts of the rods (blocks) are displaced 264 with respect to some central line (the fault hinge). 
295 where  is the inner frequency of the breather, x determines the origin of the curve and t is the 296 independent variable (time). 297 Like a soliton, the breather has the shape of an impulse; it is localized in space and is 298 pulsating in time. In the low frequency range << 1 the breather can be qualitatively treated as 299 a weakly coupled kink-antikink pair (the sine-Gordon equation solutions of opposite signs in the 300 shape of a topological soliton  a wave with a changeless profile in the shape of a kink) (Braun 301 and Kivshar, 2004) . 302
The detected high correlation of the observed site displacement trajectories with the 303 theoretical curve corresponding to a breather allows us to suggest that the mechanism of these 304 oscillations can be associated with the occurrence of strain waves in the fault intersection system. 305
In this case, these waves can be qualitatively treated as standing waves of compression-extension 306 in the blocky geological medium. 307
The sine-Gordon equation solution in the shape of a breather has previously been applied 308 for modeling the wave dynamics of faults and strain waves ( with the known data allow us to identify the dynamics of seismicity along the northern boundary 327 of the Amurian plate as a wave process. We have revealed synchronous quasi-periodic seismicity 328 variations in equally spaced clusters with spatial periods of 7.26° and 3.5°, that are comparable 329 with the length of slow strain waves (λ=250-450 km), detected in the Eurasian and Amurian 330 tectonic plate interaction area (107°E-140°E) (Sherman, 2013) . The slow strain wave velocity in 331 Pribaikalya and Priamurye attains to 5-20 km/yr and is comparable with the migration velocity 332 of crustal deformations (10-100 km/yr) from the Japan-Kuril-Kamchatka subduction zone (Ishii 333 et al., 1978; Kasahara, 1979; Yoshioka et al., 2015) . 334
The calculated average displacement rate value of the maxima of weak seismicity (2≤М≤4) 335 along the northern boundary of the Amurian plate is about 1000 km/yr, which is two orders of 336 magnitude larger than the velocity of slow strain waves (10-100 km/yr). This may imply that 337 slow strain waves modulate variations of weak seismicity (2≤М≤4) during the year. 338
The displacement of seismicity in the annual cycles occurs from east to west and coincides 339 with the direction of migration of large earthquakes, strain wave fronts and crustal deformation 340 detected from direct deformographic and GPS measurements (Kasahara, 1979; Bella et al., 1990 ; 341 492   493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510 
